1. Emission spectra of a system I chlorophyll (Chi) a-protein complex (SI Chl-P) 3 and system II particles, prepared by the method of Dietrich and Thornber (25), and by the method of Huzisige et al. (24), respectively, were measured at room and liquid nitrogen temperatures to characterize the emission bands originating from system I and system II.
and system II particles, prepared by the method of Dietrich and Thornber (25) , and by the method of Huzisige et al. (24) , respectively, were measured at room and liquid nitrogen temperatures to characterize the emission bands originating from system I and system II.
2. Room temperature and 77°K spectra clearly show that the F695 (690-697 nm) fluorescence band originates from both photosystems. In SI Chl-P the F695 band was observed both at room and at liquid nitrogen temperatures.
3. At 77°K, the Chi a fluorescence at 685 nm is nearly as intense as that at 720 nm (long-wavelength band) in dilute samples of SI Chl-P. Reabsorption of 685 nm fluorescence has distorted considerably the shape of emission spectra of system I published thus far. In dilute samples of system II, the F695 is as (or more), intense as F685, and the F735 is drastically decreased.
4. Additionally, it is reported here that in Cyanidium caldarium, studied to compare the in vivo system with isolated SI Chl-P and system II preparations, the 695 nm band is present upon excitation in both system I and system II; the ratio of the long-wavelength fluorescence (F735) to the short-wavelength fluorescence (F685) is much higher than those in the purified preparations. Conceivably, the high values, obtained in the dilute samples of algae, are due to the reabsorption of the fluorescence from the shortwavelength form of Chi a in the chloroplast in vivo. Furthermore, in this alga the phycocyanin fluorescence band is split with maxima at 655 (phycocyanin) and 665 nm (allophycocyanin) at 77°K. At room temperature, however, the allophycocyanin fluorescence predominates having a peak at about 670 nm. The relative increase in phycocyanin fluorescence at 77°K may be due to a decrease in the energy transfer from it to allophycocyanin in agreement with slow Forster type transfer.
It has been well documented that green plants and algae have two distinct pigment systems (1). Each pigment system can be isolated in a form representative of its in vivo state (2) . One of the methods routinely used to characterize these pigment systems is to measure the fluorescence emission spectra at room and at liquid nitrogen temperatures.
The emission spectrum of chloroplasts at room temperature (300°K) is relatively structureless: it has a main peak around 685 nm with a broad shoulder at 720-740 nm. Upon cooling to 77°K, this spectrum becomes a three-banded structure with maxima at 685 (F685), 695 (F695) and 735 nm (F735) (see ref.
3)
A . The long-wavelength F735 band is usually broader and more intense than the other two bands, probably consisting of more than one component. It has been postulated, from the measurements of emission and excitation spectra in several organisms, that the F735 band originates mostly from pigment system I (PSI) and F685 mainly from pigment system II (PSII) (refs. 4-7) . Also it has been suggested that F695 is closely linked to the system II trap as this fluorescence appears when traps are closed (8, 9) . This F695 band is sensitive to redox reagents (10) (11) (12) , to polarity of solvent (13, 14) , to the treatment of hydroxylamine (a potent inhibitor of photosystem II) (15) , and to a naturally occurring proteinaceous factor from Ricinus (16) . A new dimension to the study of emission spectra has been added from the recent suggestion that the relative intensities of F685 and F735 could indicate the extent of energy spill-over from PSII to PSI (17) (18) (19) .
However, the measurements of the relative intensities of fluorescence bands in the emission spectrum, especially at 77°K, are complicated by the trivial reabsorption of Chi fluorescence. Govindjee and Yang (5) could eliminate the reabsorption by the neighboring particles by a simple dilution technique. However, the concentration of Chi in a chloroplast is high (20) and the reabsorption of Chi fluorescence lowers the short-wavelength band with respect to the long wavelength band. The high concentration of Chi also partially accounts for the low yield of fluorescence in vivo. Whether a decrease of the size of the Chl-containing particles will overcome the reabsorption problem is not yet clear. Butler and Baker (21) observed that the shape of the emission spectrum does not change with the change in the size of the particles. Brody et al. (22) , however, observed that the F735/F685 ratio, in particles obtained by sonication and differential centrifugation, decreases with the decrease of particle size.
Recently Boardman and Thome (11) could not establish such a correlation; their spectra did not change upon decrease in size confirming the earlier work in ref. (21) .
In view of the increased importance of the study of emission spectra, we have attempted to analyze, in this communication, the "true" (i.e., as far as possible devoid of reabsorption problem) emission characteristics of photosystems I and II both at room and liquid nitrogen temperatures; for this study a purified preparation of system I Chi a-protein complex (SI Chl-P) (23) obtained from the blue-green alga Phormidium luridum and a purified preparation of system II particles obtained from maize chloroplasts (24) were used as the best representative of the two systems. We have also measured the emission properties of a suspension (diluted according to Govindjee and Yang (5) ) of a phycocyanin-containing eukaryotic acidophilic alga, Cyanidium caldarium, to illustrate the extent of reabsorption within a chloroplast.
Materials and methods
System II particles from maize (Zea mays) were prepared as outlined by Huzisige et al. (24) . The Chi ajb ratio in our preparation was 1.9 which is comparable to that reported by Huzisige et al. (24) .
SI Chl-P was prepared by a previously published method (25) . This preparation, as characterized by gel electrophoresis and ultracentrifugation studies, is homogeneous. The complex is associated with photosystem I and contains 20 Chi molecules (23) . The absorption spectrum, P?oo content, and other characteristics of the complex have been published earlier (23, 25, 26) .
Cyanidium caldarium was grown for a week at 30°C, with constant gassing, in an inorganic medium (27) .. The culture was centrifuged, and the cells were resuspended in the growth medium to give an absorbance of 0.025 cm' 1 at 670 nm. The protocol for measuring emission spectra, at 77°K, was the same as that of Cho and Govindjee (7, 13) . The dilution of the samples was made with 50 mM Tris-chloride buffer, pH 8.0. The samples were cooled quickly (within 1-2 sec) in order to obtain the least reabsorption of F685 and F695 bands (13) . The details of the spectrofluorometer have been published previously (28, 29) . The spectra, corrected for the spectral response of the apparatus, were plotted as relative quanta per unit wavelength. Other details of measurements are given with each figure.
Results and discussion algae (30) . At room temperature, the excitation at 580 nm causes an emission peak at 670 nm (allophycocyanin) and another peak at 683 nm (Chi a). Excitation at 435 nm gives a weak fluorescence with a maximum at 685 nm and a broad shoulder at 730-740 nm (Chi a). Cho and Govindjee (7, 30) concluded that these long-wavelength emission bands are not vibrational bands of the main bands, but rather they originate from distinct long-wavelength forms of Chi a. Excitation at 435 nm emits no phycocyanin fluorescence at 670 nm, suggesting that there is no back transfer of energy from chlorophyll a to allophycocyanin (30) .
Upon rapidly cooling the sample to 77°K, the intensity of emission increases (not shown in the figure) and the spectra show structures of Chi a [ Fig. 1 (B) ]. Excitation of phycocyanin (580 nm) produces two distinct bands with maxima at 655 (phycocyanin) and 665 nm (allophycocyanin). The phycocyanin emission band is not seen at room temperature; due to the high efficiency of energy transfer from phycocyanin to allophycocyanin, phycocyanin fluorescence is low, and the phycocyanin band is submerged inside the larger allophycocyanin band. However, at 77°K phycocyanin band is even higher than the allophycocyanin band. This increase in phycocyanin fluorescence at 77°K could be due to a decrease in the efficiency of the energy transfer from phycocyanin to allophycocyanin at the lower temperature. This means that this energy transfer is temperature dependent, and may be of a slow Forster type (literature citations in ref. (30)).
Emission from Chi a is at 685 nm with a shoulder at 695 nm. The intense long-wavelength Chi a emission peaks at 730 nm and contributions from other fluorescing species around 745 nm are also noticeable. With excitation at 580 nm, the 730 nm band is approximately 1.5 times more intense than the F685 band. However, with excitation at 435 nm, the F73O band is about 9 times more intense than the emission bands at 685 and 695 nm; both 685 and 695 nm emission bands are distinctly resolved. Again, no fluorescence is seen from phycocyanin. Thus, the most notable feature of the emission spectrum, reported here, is the presence of two "phycocyanin" fluorescence bands and the existence of the 695 nm band (F695) even when system I Chi a is preferentially illuminated (see refs. {31, 32) and below). Fig. 2 (A) shows the room temperature emission spectrum of system II particles isolated from maize chloroplasts. The Chi ajb ratio, in this preparation, was 1.9, confirming the enrichment of photosystem II; the "parent" chloroplasts had a ratio of about 3. Excitation at 480 nm (mainly system II) or at 430 nm (mainly system I) gave almost identical spectra. Govindjee and Yang (5) have reported that excitation of fragmented spinach chloroplasts mainly with system I light gives a higher yield in the 720-740 nm region than excitation mainly with the system II light. Since system II particles are hopefully devoid of most of the long-wavelength forms of Chi a that belong mainly to system I, we do not expect any change in the emission spectra when the particles are excited at 435 nm or at 480 nm. The F695 band is not distinct in the room temperature spectrum.
On cooling the system II sample to 77°K, the emission band F695 (now shifted to 700 nm) becomes very distinct and prominent (Fig. 3) . It assumes almost equal intensity to that of the F685 (687 nm) band. The F740 band is not so pronounced. (Again, excitation at 430 nm yields a similar spectrum to that caused by the excitation at 480 nm confirming that the preparation is pure.) Thus, system II particles contain Chi a species that fluoresce at 685 nm, 697-700 nm and to a lesser extent at longer wavelengths (F740), although the ratio of F685/ F735 is much higher here than in system I. It has been shown by Cho and Govindjee (7, 30) that F740 forms of Chi a are also excited by energy transfer from the Chi a 670 (in system II) -a form of Chi a which fluoresces at 685 nm (excitation spectra not shown here). Fig. 2 (B) shows the room temperature emission spectrum of SI Chl-P isolated from Phormidium. The most noteworthy feature of this spectrum is a shoulder at 692 nm besides the maximum at 682 nm. The other long-wavelength bands, F72O and F740, that are characteristic of system I Chi a, are distinctly resolved. It has been assumed that F695 (690-695 nm) originates from system II pigments (Chi a 2 ) and that these species of Chi a are closely associated with system II traps (31) (32) (33) . However, excitation at 435 nm (mainly system I) also induces a band at 696 nm in Anacystis (31, 32) ; thus this band may also be present in system I. Papageorgiou and Govindjee (34) discuss the possibility that band(s) at 695 nm at room temperature may originate in both pigment systems I and II. Briantais (55) has recently shown that the difference spectrum constructed from the room temperature emission spectra of system II particles and that of chloroplasts yields a peak at 695 nm. The emission spectrum of SI Chl-P clearly show that a fluorescence band at 690-700 nm is in system I. Moreover, the emission spectrum of Cyanidium at 77°K likewise shows a band at 695 nm even when this alga is excited mainly with system I (435 nm) light (Fig. 1 (B) ).
When an extremely dilute (absorbance 0.02 cm" 1 at Chi a peak) sample of the SI Chl-P was rapidly cooled to 77°K, the emission spectrum (Fig. 4 (A) ) showed a peak at 681 nm, a shoulder at 695 nm, and a broad band, almost as intense as the 681 nm band, peaking at 720 nm with a shoulder at 740 nm. If, however, the sample is moderately thick (absorbance, 0.40 cm" 1 at Chi a peak), the short-wavelength fluorescence band (Fig. 4 (B) ) is almost totally masked by the extremely intense F735 (725 nm); its intensity is now as much as ten times more than that of the 685 nm band. It is obvious that this is due to reabsorption of fluorescence by the neighboring complexes. Published (see ref. 25) emission spectra of the system I complex and of system I particles look almost indentical to the spectrum shown in Fig. 4 (B) . Values calculated from the spectra presented in this paper.
The ratio of F730 to F685 in unseparated systems:
F730/F685 ratio of 1.6 was obtained when phycocyanin was excited in Cyanidium (Table 1) ; this value is very close to that obtained from the emission spectrum of a thin suspension of chloroplast fragments at 77°K (Govindjee and Yang, 5). These authors did not observe any change on further dilution of the sample which suggests that, at that concentration, the reabsorption by neighboring chloroplasts had been completely eliminated. It has been questioned earlier (see ref. 36) whether or not the 685 nm fluorescence band is significanlty absorbed within the single chloroplast. The F730/F685 ratio of 1.6 is considered to be high because of reabsorption of F685 band within the single intact cell. This conclusion is made possible because one can indeed obtain lower ratios with smaller system I and system II preparations. If this is true, then breaking the chloroplasts into smaller fragments should decrease the ratio of the fluorescence band at long at University of Illinois at Urbana-Champaign on July 7, 2010 http://pcp.oxfordjournals.org Downloaded from wavelength to that at the short wavelength. Boardman and Thorne (11) claimed that the ratio of the F730 to the F685 band remained fairly constant with the decrease in the size of the fragments. In these fragments, Chi ajb ratio remained constant which probably indicates that there may not be any preferential loss of any of the major forms of Chi a. The F730/F685 ratios, as estimated from their published emission spectra, however, varied from 3.6 to 2.1 which might be due to different rates of cooling. These high ratios indicate to us that their samples had a large reabsorption of Chi a fluorescence. The reason for this result is not clear; perhaps, the percent absorption in the frozen sample in their system is large.
The ratio of F720 to F681 in SI Chl-P Our result with SI Chl-P shows that F720/F681 ratio (0.89) is fairly close to the value (0.61) reported by Brown (37) for Chlamydomonas system I particles prepared by the French press fractionation method, and to that (0.9) reported by Cederstrand and Govindjee (10; also see ref. 27) for system I prepared by the digitonin treamtment method. These ratios (0.6 to 0.9) are significantly lower than the ratio of 3.6 and 14.5 reported by Boardman and Thorne (11) and Boardman et al. (38) , respectively. We could not compare our ratios with those obtained by Kok and Rurainski (39) because the latter did not correct their spectra for the response of the spectrofluorometer. The SI Chl-P is small (M.W. 150-160xl0
3 ) in size and has 20 Chi molecules per complex (23); thus, reabsorption of fluorescence should be minimal here. Since the pigments are bound within the protein subunits of the complex and must be quite close to each other, therefore, a loss of ability of energy transfer among the different forms of pigments present in the complex is not expected. Perhaps, the emission spectrum of the dilute sample of SI Chl-P is the true emission spectrum of system I. At 77°K this spectrum shows an emission band at 685 nm which is approximately as intense (or even more) as the F735 band. A less dilute sample of SI Chl-P exhibits a F735 band 4 to 10 times stronger than the F685 and F695 bands-and then the spectrum looks similar to the previously published spectra. The exact value for the ratio of these two bands (F735/F685) is difficult to estimate and may vary from plant to plant, but it may be emphasized that system I does not lack-but instead has quite a bit of-the F685 and F695 bands. The Chi a-protein complex used in this study, however, shows (from absorption and excitation spectra not included here) that it is fairly rich in the long-wavelength forms of Chi a. This complex as well as the other pigment protein complex obtained by Thornber and Olson (40) from higher plants exhibit the in vivo characteristics associated with pigment system I of photosynthesis. This suggests that there is no impairment of any functional Chi a forms in the isolated complexes. We, therefore, reemphasize that the emission spectra presented in this paper (Fig. 2 (B) and Fig. 4 (A) ) may very well represent the true emission spectra of photosystem I.
The ratio of F735 to F685 in system II
The system II particles of Huzisige et al. (24) are by far the purest system II particles isolated from higher plants and, thus, it is felt that Fig. 3 represents the true emission spectrum for photosystem II. The ratio of F735/F685 for our preparation is 0.43; this ratio is fairly close to 0.37 reported by Brown (37) for Chlamydomonas system II particles prepared by the French press fractionation method;
at University of Illinois at Urbana-Champaign on July 7, 2010 http://pcp.oxfordjournals.org Downloaded from it is not too different from 0.6 reported by Cederstrand and Govindjee (10; also see ref. 37) for system II prepared by the digitonin treatment method. These ratios (0.4 to 0.7) are significantly lower than the ratio of 2.1 reported by Boardman and Thorne (11) . The value of 0.92 found by Boardman et al. (38) is, however, intermediate but still higher than 0.43 obtained here. The emission spectrum in Fig. 3 , representing the true emission from system II, shows the most pronounced F695 we have seen 5 ; it is almost equal in height to F685, but the F740 is very low.
General remarks
The results reported above indicate that both pigment systems I and II contain forms of Chi a that give rise to emission bands at 685 nm, at 695 nm and at 740 nm, and that a particular emission peak is not characteristic of any photosystem, but what is characteristic is the relative ratios between the emission peaks. There is a larger amount (about twice) of the long-wavelength fluorescence in system I than in system II. As noted above, the F695 does not originate entirely from system II, but the ratio of F695 to F685 is higher in system II than in system I. These conclusions are in agreement with those recently obtained by Cho and Govindjee (7, 13 ) from their studies with intact algal cells. This may mean that the SI Chl-P and system II preparations used in this work have not significantly changed from their in vivo state.
